The complex interaction between a higher organism and its resident gut flora is a subject of 22 immense interest in the field of symbiosis. Many insects harbor a complex community of 23 microorganisms in their gut. Larvae of Spodoptera littoralis, a lepidopteran pest which is 24 prevalent in tropical and subtropical regions of the world, have a tube-like gut structure 25 containing a simple bacterial community. This community varies both spatially (along the 26 length of the gut) and temporally (during the life cycle of the insect).
Introduction 38
Insects comprise the largest phylum of arthropods, according to the IUCN red list. 39 Microorganisms have been known to form symbiotic relationships with insects by supplying the 40 latter with essential nutrients, protection against pathogens, and aiding in digesting recalcitrant 41 organic matter. They contribute significantly to insects' ability to act as potential pathogens to 42 bacteria, archaea and eukaryotic gut symbionts for the breakdown and fermentation of plant fiber 66 to acetate and methane. The gut microbiota further help in digesting xylan, arabinogalactan and 67 carboxymethylcellulose, and can even work as a bio-reactor capable of mineralizing humus and 68 nitrogen cycling (11, 12) . Since the phloem sap is low in vitamins, amino acids and nitrogen, 69 aphids have to rely on their primary symbiont, Buchnera aphidicola for nutrition. House crickets 70 are hosts for Acheta domesticus bacteria in their hind guts, enabling the insects to utilize plant 71 polysaccharides (2).
72
In the course of evolution of plant-insect associations, insects have in several cases countered 73 plant defensive strategies and managed to digest usually inaccessible, but highly nutritious plant 74 polymers by acquiring several enzymes relating to digestion of complex plant carbohydrate 75 through horizontal gene transfer (7) . In other cases, functions relating to amino acid and vitamin 76 assimilation (9), (13), and counter-defensive strategies against plants have been obtained by the 77 insects from bacteria or fungi. For example, Burkholderia gladioli produce a mixture of 78 antifungal antibiotics that protect the egg stages of Lagriinea beetles, which would otherwise be 79 infected by the fungus P. lilacinum (14) . 80 The cotton leafworm, Spodopera littoralis is a notorious pest feeding on a broad range of plants. 81 Larvae of this species have a longitudinal gut structure without compartments, increasing the 82 chances of flushing out bacteria, possibly preventing long-term colonization. This simple gut 83 structure could be one reason for the overall low gut-bacterial density observed in Lepidoptera 84 (1), (15) . Despite the seemingly simple structure, a pH gradient exists along the gut: the anterior 85 part and the midgut of lepidopteran larvae is highly alkaline, with a pH range of 11-12 (16) , but 86 is neutral in the posterior part (17), which restricts the survival of many microbial species. 87 Despite the alkaline pH, bacteria of the phylum Fermicutes, notably Enterococci and Clostridium 88 The RNA extracted from the FACS-sorted E. mundtii cells was sequenced using the Illumina 133 Ultra-Low Input RNA kit and the resulting 10 million short reads per treatment and replicates 134 were processed and aligned against the fully sequenced genome of Enterococcus mundtii QU25 135 (23). Overall, the three replicates of bacterial cells isolated from foregut, hindgut and control had 136 varying levels of alignment percentages ranging from 17.5 to 55.5, as shown in supplementary 137 table S2. Since the concentration of the RNA obtained from the FACS-sorted gut reporter E. 138 mundtii was low, we performed total RNA amplification. To maintain uniformity, the control 139 samples were treated the same way.
140
The numbers of up and down regulated genes between E. mundtii cells exposed to different S. (fold change = 2, p ≤ 0.05) in Enterococcus mundtii in the fore and hind guts, respectively.
143
Density plot in Fig. S3 shows the distribution of differentially expressed genes in foregut, 144 hindgut and control.
145
There are 169 genes in common between the E. mundtii exposed to the fore and hindguts that are 146 differentially regulated when compared to the control. Most of these common genes belong to 147 mechanisms required by E. mundtii to colonize by adhering to the gut wall, avoid stresses, and 148 acquire iron and complex carbohydrates (( Fig.1 ), (supplementary S7)).
149
To test for biological and technical variability, individual replicates were analyzed and a PCA 150 plot ( Fig. 2) and dendrogram ( Fig. 3) alanine amidase enzyme in the foregut helps in cell separation during division (24). It also aids in 183 cell motility and establishing a symbiotic association with the host (4).
184
Next task for E. mundtii would be to adhere to the host gut epithelium. Accordingly, the category 185 Cell adhesion is enriched, which could indicate that the bacteria are involved in attaching and 186 adhering to the host epithelium to prevent the flushing out of the host gut.
187
Aerobic respiration in insects and the electron transport chain in the mitochondria lead to reduc-188 tion of oxygen to water and formation of ATP, resulting in the production of reactive oxygen 189 species (ROS) at the gut membrane (25). Symbionts need to be able to respond to oxidative 190 stress in order to live in the gut.
191
Certain metabolic pathways are worth mentioning:
192
Nucleotide metabolism seems to be a key aspect for bacterial colonization and adaptation to the 193 host gut (26). Several enzymes required for purine and pyrimidine metabolism are upregulated.
194
An upregulation in starch and sucrose metabolism indicates that the symbionts are able to 195 metabolize these complex sugars most readily because these are components of the larvae's when E. mundtii lives in the gut (Fig. S4 ). Perhaps by obtaining these by-products from the host, 203 symbionts avoid the energy costs associated with these processes.
204
However, in the E. mundtii that reside in the hindgut, lysine biosynthesis via the 205 diaminopimelate pathway is upregulated. Most likely this essential amino acid is provided to the 206 host and may get reabsorbed in gut of S. littoralis (9) ( Fig. 4(a, b) ). The differentially expressed genes that were identified pertained to the adaptive strategies of E. 217 mundtii in the fore-and hindguts of the larvae. We classified their strategies in three broad 218 categories: extracellular interactions, stress responses and metabolism. and hindguts, respectively (30).
236
Chitin-binding proteins form a class of surface-associated proteins that provide adhesive 237 properties to lactic acid bacteria so that these can adhere to the N-acetyl glucosamine component 238 of chitin present in insects' gut epithelial cells, especially the cells lining the midgut (31). Two of 239 these proteins show levels as high as EMQU_0940: 47 and 138 folds and EMQU_1285: 25 and 240 69 folds, in fore-and hindguts, respectively (32).
241
Lipoproteins are placed at defined subcellular spaces formed by the plasma membrane. Their 242 position is convenient to capture incoming nutrients or elements such as iron. Also, they have 243 been shown to play roles in adhesion to host cells as well (33) Bacteria modulate their gene expression to abate the various stresses they encounter in the 254 environment.
255
Quorum sensing in E. mundtii in the gut is mediated by the agr two-component system (35).
256
E. mundtii residing in the insect gut are exposed to oxidative stress resulting from the host in fore-and hindguts, respectively) of the type IV secretion system, which are all upregulated.
272
Repair proteins such as MutS (EMQU_2803) conferring DNA mismatch repair and its protection 273 from oxidative stress are slightly upregulated). So is the recA (EMQU_2752: 2 folds in the 274 foregut) operon that was shown to be upregulated during oxidative stress (38); recF for 275 recombination repair (39), whose general role is maintenance of DNA is upregulated (2 and 3 276 folds in fore-and hindguts, respectively) (40).
277
DNA alkylation repair protein (AlkD) is upregulated 2 and 3 folds in fore-and hindguts, 278 respectively (41). Also, RadA (3 and 7 folds in fore-and hindguts) and RadC (2 folds in fore-279 and hindguts) proteins helping in DNA repair and recombination show the same trend (42).
280
YafQ (EMQU_3002) and DNA damage-induced protein J (EMQU_3001, 25 and 4 folds in fore 281 and hindguts, respectively) constitute a toxin-antitoxin system that plays a role in biofilm 282 formation (43) (Fig. 6, supplementary S5) . increase their ferric uptake (7 folds in the foregut and 11 folds in the hindgut) and FUR family 292 transcriptional regulator (EMQU_1067: 4 folds in the foregut) (FetC permease assists in 293 siderophore-mediated iron uptake) (44). Adaptation that is mediated through FUR and iron 294 uptake is common in iron-deprived environments (45) (Fig.6, supplementary S5 ).
296
Dealing with alkaline stress 297 The highly alkaline pH characteristic especially of the foregut of larvae is a challenge to bacteria 298 in general but also to E. mundtii specifically. For example, alkaline pH has been proven to 299 unwind the double helical structure of DNA (46). In addition, the alkaline stress protein, which fructose and lactose do not seem to be a popular source of energy.
336
There is a dramatic increase in starch and sucrose metabolism brought about by an increase in 337 the sucrose-specific PTS transporter (EMQU_2136: 1 and 5 folds in fore-and hindguts, 338 respectively) and sucrose 6-phosphate dehydrogenase (scrB: 2 folds in the hindgut); and the 339 alpha-amylase enzyme neopullanase (EMQU_1435: 52 and 30 folds in the fore-and hindguts, 340 respectively).
341
There is an increased metabolism and transport of nucleotides in E. mundtii living in the gut 342 (26).
343
Regarding glycerol metabolism, the glpF gene required for glycerol uptake is downregulated (4 344 folds in the foregut), whereas the ones for metabolism-glpO, dhaKL, glpQ are still expressed, 345 suggesting an alternate way for these bacteria to obtain glycerol (48) (Fig.7, supplementary S5 ). retrieved reporters with those of E. mundtii grown under optimal culture conditions, we were 361 able to obtain a snapshot of the genes and the pathways that help these symbionts to survive and 362 adapt to the gut of S. littoralis larvae. The transcriptional changes found in these bacteria are an 363 amalgamated result of all these factors. 364 We managed to obtain a real-time scenario of how E. mundtii is abating stress and colonizing its 365 host gut (Fig. 9 ).
366
The ability to adhere to the host gut epithelium is an important prerequisite for the bacteria to 
369
Our transcriptomic analyses show that E. mundtii attaches well to the host surface, as was also 370 seen earlier by FISH imaging before (5). This is brought about by a set of adhering proteins.
371
LPxTG is a sortase-dependent site for anchoring proteins, covalently attached to the 372 peptidoglycan (50), (51). Lipid-anchored proteins or lipoproteins constitute another class of 373 covalently associated adhesion proteins (49) Several bacteria have been found to have general and universal stress proteins, aiding their 391 adaptation to stresses such as temperature, oxidative, nutrient starvation and toxic agents (61).
392
The first reported universal stress protein in E. coli was found in fungi, archaea, plants and even 393 flies (62). In Burkholderi aglumae, universal stress proteins genes regulated by quorum sensing 394 (61). Confronted with stress, E. mundtii seems capable of behaving like a multicellular organism.
395
The bacteria rely on quorum sensing as a survival strategy, aggregating on the host epithelia and 396 forming a biofilm in the host gut. That agrABCD forms a two-component system and brings 397 about quorum sensing has already been established in fellow fermicute Staphylococcus aureus 398 and Streptococcus pneumoniae (63). The bacterial adherence properties of E. mundtii may help 399 form a biofilm layer on the gut wall. Thus, these two inter-related phenomena, quorum sensing 400 and biofilm formation, and help bacteria to adapt to altered environments.
401
As discussed, 8-HQA produced by the larvae is an iron chelator, and the symbionts must employ 402 mechanisms to survive in an iron-depleted environment. The FetC iron complex transport 403 permease and FUR family of transcriptional regulators seem to have similar goals. FetC was 404 found to be involved in iron homeostasis in Apergillus fumigates (64). FUR-dependent iron-
405
acquisition system was upregulated when Clostridium difficile tried to infect hamsters in iron-406 depleted conditions (65).
407
Owing to the alkaline environment of the foregut, the E. mundtii living there highly express 408 alkaline shock proteins as protection against alkaline stress. Such was also the case in 409 Staphylococcus aureus (66). The alkaline shock protein helps the bacteria to adapt to extreme 410 stress conditions (67). All the F and V-type ATPases (atp, ntp genes), (Fig. 5b) show 411 downregulation in an alkaline environment. At high alkaline pH, the proton motif force 412 decreases drastically, and lowers the activity of H + ATPases. These ATPases are related to 413 energy production and conversion. A similar trend was found in E. fecalis growing in an alkaline 414 environment (68).
415
As facultative anaerobes, Enterococcus mundtii has the tendency to switch to fermentation inside 416 the host gut, although aerobic respiration is not completely stopped, since the genes for both are 417 upregulated (fig 9) . Oxygen may only be found in the near vicinity of the host gut surface, 50 418 µm distance onwards, for the facultative anaerobes, since there is none in the inner layers of the 
432
High-throughput transcriptome sequencing from tiny quantities of starting material has provided 433 insights into the strategies used by E. mundtii to survive the gut of S. littoralis, as real-time 434 information coming straight from the gut. The method optimized in this work can be put to 435 effective use for studying interactions between a pair of any host and its symbiont. For example, 436 the future prospects of this work include how 8-HQA is acting as a deciding factor in 437 manipulating the bacterial community. A similar methodology will allow us to introduce 438 fluorescently tagged bacteria into the insect guts that have been knocked out of the 8-HQA 439 producing gene, or any other gene that seems to be interesting for a symbiont's survival. Quite 440 similar to our method, the behavior of the retrieved bacteria studied with omics can tell us how 441 they act in such varying conditions. This way, we can delve deeper into interaction studies to 
Introduction of the reporter bacteria into the insect microbiome 468
A stationary phase culture of fluorescent reporter E. mundtii in THB broth containing 5 μg ml -1 469 of erythromycin was grown till mid-log phase with OD 600 ~ 0.5-0.6 at 37ºC with shaking at 220 470 rpm. The culture was pelleted at 5000 x g for 10 minutes at 4ºC and resuspended in distilled 471 water. First-instar S. littoralis larvae (n = 120) were fed small cubes of artificial diet 472 supplemented with two antibiotics, ampicillin (5.75 μgml -1 ) (EMD Millipore corp., Billerica,
473
MA, USA) and erythromycin (9.6 μgml -1 ) for 3 days, to reduce the already existing bacterial 474 load, before being fed with (at second instar) 100 μl from the 1:10 dilution broth (~10^1 0 cells) 475 containing fluorescent E. mundtii as described (18) Dickinson, Heidelberg, Germany). It utilizes an ion laser emitting a 488 nm wavelength, and a 489 502 long pass filter, followed by a 530/30 band pass filter. The green fluorescent protein emits 490 light with a peak wavelength of 530 nm. The cells were sorted at a flow rate ranging between 10 491 µlmin -1 -80 µlmin -1 . The sorting was done in a single-cell mode and the sorted cells were 492 collected in 5 ml sterile Polypropylene round-bottom tubes (Falcon, Mexico). The cells were using MessageAmp II bacterial RNA amplification kit (Invitrogen, Vilnius, Lithuania) using 10 516 ng of total RNA following the manufacturer's instructions. The amplified RNA (aRNA) was 517 concentrated by precipitation with 5M ammonium acetate.
518
The quality and quantity of the total RNA was measured with a NanoDrop One (supplementary S6) and assemblies were merged using Cuffmerge. Cuffdiff was used to 535 compute the differentially expressed genes between E. mundtii from the larval gut and E. mundtii 536 grown in vitro. Based on homology to protein families, the proteins that were predicted for E. 537 mundtii were categorized under Gene Ontology terms (http://geneontology.org). The genes were 538 also mapped to the KEGG database to predict the pathways (supplementary). The results of 539 differentially expressed genes were visualized using R-package CummeRbund 2.0, on R version 
